Different natural water samples were investigated to determine the total concentration and the distribution of species for Cu(II), Pb(II), Al(III) and U(VI). The proposed method, named resin titration (RT), was developed in our laboratory to investigate the distribution of species for metal ions in complex matrices. It is a competition method, in which a complexing resin competes with natural ligands present in the sample to combine with the metal ions. In the present paper, river, estuarine and seawater samples, collected during a cruise in Adriatic Sea, were investigated. For each sample, two RTs were performed, using different complexing resins: the iminodiacetic Chelex 100 and the carboxylic Amberlite CG50. In this way, it was possible to detect different class of ligands. Satisfactory results have been obtained and are commented on critically. They were summarized by principal component analysis (PCA) and the correlations with physicochemical parameters allowed one to follow the evolution of the metals along the considered transect. It should be pointed out that, according to our findings, the ligands responsible for metal ions complexation are not the major components of the water system, since they form considerably weaker complexes.
Introduction
The geochemical cycling, the distribution in the environment and the bioavailability of trace metal ions depend on their chemical speciation. Metal species formed by inorganic and organic ligands, at relatively high concentration and with weak complexing properties, determine an important fraction, very reactive, with high mobility and usually high toxicity. However other ligands, able to form very stable complexes, could play a paramount role in metal distributions. They can drastically decrease the free metal concentration by several orders of magnitude, albeit present at concentrations similar to those of the trace metal ions (nM level).
Indeed it has been demonstrated that the detection of these ligands is possible only when extremely low concentrations of metal loadings are employed. 1 These findings seem consistent with a pattern common to several metal ions: the natural organic matter is more likely to provide continuous binding sites than different discrete ligands. Accordingly, stronger binding sites are utilized at lower metal ion loadings and only progressively weaker sites contribute to metal complexation at higher loadings. 1 The resin titration (RT) is a method developed in our laboratory 2, 3 to investigate the speciation of metal ions at trace level in complex matrices. It is a competition method, in which the competing agent is a complexing resin. It was proved to be particularly useful in the detection and characterization of strong ligand sites, at low concentration, in natural water samples, since the competition strengths of the complexing resins are very high. It is not required to add any metal for the titration, as it is the case of the other electrochemical methods (anodic and cathodic stripping voltammetries) usually employed for speciation studies. Moreover, the RT can be used for the speciation of many metal ions simultaneously, and being based on the sorption of the metal ions on the resin and on the determination of the concentrations of sorbed metal ions after elution, many materials that interfere with the final detection are eliminated.
The accuracy of the RT method was verified for the total metal concentration and for the metal complexation with synthetic solutions containing known metals and known ligands. 4, 5 Recently, in an interlaboratory test, 6 ,7 a method always based on resin competition was employed to determine the concentration and the conditional constant of a solution of ethylenediaminetetraacetic acid (EDTA), obtaining values in good agreement with those reported in the literature. 6 Actually in speciation studies, the validation of a method can be achieved either by analyzing known solutions, or by comparing results obtained with other techniques. This is an significant step in development of new methods, especially when the comparison permits one to elucidate advantages and limitations of the proposed techniques. 8 Moreover, the comparison is fundamental in such cases where certified materials do not exist. 9 In this framework, we also presented an interlaboratory exercise 10 to compare our technique with AGNES (absence of gradients and Nernstian equilibrium stripping). 11 The interest in such comparison was supported by the very different physicochemical natures of the two techniques: RT is based on an ionic exchange resin while AGNES is a voltammetric technique. The results, compared with the calculated values and also with those obtained from ion selective electrodes, demonstrated a good accuracy in the determinations of the free Pb(II) with the two methods in solutions with known ligands.
In the present investigation, the RT method is proposed for the determination of total concentration and speciation of Cu(II), Pb(II), Al(III), U(IV) in river, estuarine and seawater samples.
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These samples were collected during a cruise on the Adriatic Sea in April 2004, in a transect between the mouth of Po River (locality Po di Goro, Italy) and the Central Adriatic, along the plume, direction East-South East. For each sample two RTs were performed on board, immediately after sampling, using different complexing resins: the strong iminodiacetic Chelex 100 and the carboxylic Amberlite CG50, usually a weaker competitor for metal complexation. The usage of two resins with different competition strengths enables one to detect different classes of ligands.
The results are treated by principal component analysis (PCA), considering the variables: pH, temperature, salinity, turbidity, Eh, O2, chlorophyll a, the total metal ion content (ctot,res) and the concentration of the weakly complexed metal (cw,res), according to the results of RTs as will be shown below.
The basis of the resin titration method
In the RT method, the resin is the titrant of the metal ion and it is always used in large excess with respect to the metal ions. The procedure is based on the measures of the metals adsorbed on the resin from known volumes of solution (V, in ml) when different amounts of resin (w, in g) are considered. The RT curve is obtained by plotting the concentration of the metal ion adsorbed on the resin (c, in M) vs. 1/w. The titration curve of Al(III) with Chelex 100, in the case of a seawater sample, is reported in Fig. 1 as an example.
The concentration of sorbed metal ions depends on the species stability in the solution phase and on the sorbing properties of the complexing resin. The stability of the species in solution is measured by the side reaction coefficient of the metal, aM, which is the ratio of total metal ions to free metal ions in solution. 12 The sorbing properties of the resins are measured by the partition coefficient K*, which is the ratio of the metal ion concentration in the resin phase to the free metal ion concentration in solution 4, 13 and which is a measure of the complex stability. K* can be calculated at each particular set of experimental conditions as described in previous papers. 4, 13 The concentration of metal ions adsorbed at each point of the titration is modelled by the following relationship:
ctot,res is the total concentration of the metal ion that is sorbed on the resin when 1/w AE 0; cw represents the fraction of metal which is free or bound in weak complexes quantitatively dissociated by the resin. It can be evaluated directly from the titration curve when a constant concentration of metal ion is adsorbed, i.e. from the points at the lowest amount of resin, where the concentration of adsorbed metal is independent of 1/w. The concentration of complexes which compete with the resin is given by the difference ctot,res -cw. They are able to compete with the resin and their reaction coefficient aM can be evaluated only if it is in a well defined range of values ("detection window"), which strongly depends on the nature of the resin and on the conditions (pH, ionic strength). The range is defined by:
The central value of the detection window is called the detection strength. In this case the titration curve is similar to that shown in Fig. 1 and aM can be computed; conversely, if the reaction coefficient aM is lower than 0.1K*w/V, the metal is quantitatively sorbed by the resin at any 1/w. It means that M was either free or combined in complexes with weak ligands completely dissociated by the resin, while if aM is higher than 10K*w/V, the metal ion is so strongly bound to the ligands that it is not sorbed on the resin. The presence of such strongly complexing species cannot be excluded in real samples and for their determination, one must select a resin that is sufficiently strong. The three parameters ctot,res, aM and cw are evaluated by nonlinear least squares fitting.
Experimental

Sample collection, treatment and storage
River, estuarine and seawater samples were collected during a cruise on the Adriatic Sea in April 2004, on the oceanographic boat "G. Dallaporta"-CNR ISMAR Sez. Ancona (Italy), in a transect between the mouth of Po River (locality Po di Goro) and the Central Adriatic, along the plume, direction East-South East. The six sampling points are indicated in Fig. 2 : at points 1 and 2 we collected river water, estuarine water was sampled at points 3 and 4, and at the last two points 5 and 6, we took seawater samples. Conventional sampling with 10 L PTFE-coated Go-Flo bottle (General Oceanics) was used. Each sample was filtered using membrane filters (pore size, 0.45 mm) immediately after sampling. The pH of the filtered sample and of the different aliquots after equilibration with the resin was measured by a pH meter directly on board. A portion of each sample was acidified with nitric acid at pH around 2 for total metal determination. The RTs were carried out on board immediately after sampling, according to the procedure described below. The separation of the eluting solution (1 M HNO3) from the resin and the final determination of the metals concentration in the eluate were done in the laboratory, approximately three months after sampling. The temperature during transport and storage was 4˚C.
Reagents
All chemicals were of analytical reagent grade. Solutions were prepared with ultrapure water (Milli-Q). Chelex 100 [CAS 68954-42-7] (Na-form, 100 -200 mesh) was obtained from BioRad Laboratories and Amberlite CG-50 [CAS 9042-11-9] (weakly acid resin, 100 -200 mesh) from Sigma-Aldrich. The resins were washed according to the procedure previously described. 15 This treatment is required to eliminate trace level metal ions that may be present in the resins. The resins were finally converted into the NH4 + form by treatment with 1 M high purity ammonia. The capacity of the resins (mmol of active groups per g of dry resin) and the amount of water sorbed under different conditions were determined as previously described. 4, 16 
Apparatus
Ancillary in-situ measurements of pH, temperature, redox potential (Eh), salinity, oxygen, turbidity and chlorophyll a, were made by a CTD sensor (Ocean Seven 316 CTD-Idronaut). CTD data are reported in Table 1 for each sampling point, see columns 1 to 8.
A portable pH-meter (Model 290A, Orion) and a MettlerToledo (InLab 412) combined glass electrode were used for the pH determinations on board; the electrode was standardized in H + concentration as previously reported 15 and used for pH measurements after filtration and on the different aliquots after RT equilibration.
Conventional sampling with 10 L, PTFE-coated Go-Flo bottle (General Oceanics) was used. Samples were pressure filtrated through an acid-washed membrane filter (mixed esters; d, 47 mm; pore size, 0.45 mm (S & S 401612)), held in a Nalgene Sulfoflo (300-4100), polysulfone, capacity upper (500 ml), receiver (1000 ml), pressure filtration unit, and using a vacuum pump (vacuum/pressure station Model N. 400-3902-230V AC, Barnant Company).
All the operations on board were made in a laminar flow hood. The bottles for the RTs were prepared in the laboratory before the cruise, placing in each bottle an exactly weighed quantity of dry resin in NH4 + form.
An ICP (PerkinElmer SCIEX ELAN 6000 ICP-MS Instrument) was used for the total metal determinations, according to the standard methods recommended by the instrument manufacturer.
Other materials
Containers, micropipettes, tips and other laboratory materials were made of polyethylene or polystyrene. All the devices were cleaned as previously described. 14 
Procedure for the resin titration (RT)
The titration was carried out by a batch procedure, varying the amount of dry resin (w). Six or seven portions of the same sample V = 100 ml, were equilibrated in the RT bottles, previously prepared as reported above, with different amounts of resin (from 0.02 to 0.4 g of dry resin). The contact time was 24 h on a shaking plate. A long equilibration is useful when complexes with unknown dissociation rate are present in the sample. If metal species do not dissociate within 24 h, they are considered inert to the method.
After equilibration, the final pH was measured in each bottle and no attempt was made to keep it at a fixed value. The solution phase was separated by suction and the metal ions were eluted from the resin with 10 ml 1 M nitric acid by placing it directly into the RT bottles.
The first and most important part of the RT procedure was performed on board, i.e. the sorption of metal ions on the resin and the elution with 1 M HNO3. Then each bottle was stored at 4˚C for the subsequent determination of metals concentration in the eluting solution, which was done after ca. three months in the laboratory. Before analysis these samples were equilibrated at room temperature under a clean hood for 1 h.
Multivariate statistical data analysis
Principal component analysis (PCA) has been applied to the matrix of the data set obtained from surface samples collected during the Adriatic campaign, with the aims to summarize in a synthetic way the state of the system and to describe for the investigated metals their distributions from the Po mouth to the open sea. The algorithm NIPALS 17 was applied to the autoscaled matrix of Table 1 .
Results and Discussion
The water samples, obtained as reported above in the experimental section, were examined by the resin titration method (RT) using Chelex 100 to investigate the presence of strong metal complexes with ligands at low concentration, similar to those found in other seawater samples. 14, 18 The results are reported in Table 1 for each metal as ctot,Che and cw,Che. The values of the competition strengths (log K*w/V) are also reported in italics, for each metal and for each RT. The titration with a resin usually having a different detection window, such as Amberlite CG-50, was also carried out for U(VI), Pb(II) and Cu(II) in the attempt to examine different competition strengths, so to detect different ligands if possible. The titrations with the two resins were carried out independently. The results of RTs with Amberlite CG 50 are also reported in Table 1 , as ctot,Amb and cw,Amb with the related log K*w/V values in italic.
The total metal concentrations
The ctot,Che for Al(III), Pb(II) and Cu(II) are considered the total dissolved metals. In principle, species with aM(L) > 10K*Chew/V cannot be detected, but in a previous investigation on a certified seawater sample CASS 3 at pH ~5 adjusted with suprapure solid Na2CO3, 18 it has been demonstrated that ctot,Che corresponds to the total concentration for Cu(II), Cd(II), Ni(II) and Mn(II), while not using Amberlite CG-50. 14 In the case of U(VI), Amberlite CG-50 19 is the strongest sorbent; accordingly, the ctot,Amb value corresponds to the total dissolved U(VI) concentration in the water samples examined. Since the analytic method employed for metals determinations in this case permits the direct measure of the total metal contents, the analysis on an acidified portion of the original sample was performed and the total metal concentrations were compared with total metal contents obtained from RT with Chelex 100 from Al(III), Cu(II), Pb(II), with Amberlite CG-50 for U(IV) (Eq. (1)). The results are reported in Table 2 . An intercept not significantly different from zero and a slope not significantly different from 1, at 95% of confidence level, were always obtained. In Fig. 3 the comparison is summarized in a logarithm graph where the results of the considered metals are reported with circles.
In the case of U(IV) it should be underlined that Amberlite CG-50 is so strong as to give almost always a quantitative sorption (ctot,Amb is equal to cw,Amb, see Table 1 columns 11 and 12), while Chelex 100 permits a good evaluation of the total concentration, but it competes with the complexes, as could be seen from the results of the titration curves (ctot,Che differs from cw,Che). More consistent data about the total metal content can consequently be obtained, since the ctot,Che values can be compared with the total concentrations.
In the case of Pb(II), the properties of the two resins are so similar 20 (see columns 19 and 22) that analogous results were expected, indeed the total metal concentrations obtained from RTs with the two resins do not differ.
The ctot obtained with Chelex 100 in the case of U(IV) and with Amberlite CG 50 for Pb(II) are also reported in Fig. 3 with triangles to assess the previous statements.
The species distributions
The information achieved from RTs about species distribution is commented on below.
It should be notice that, in principle it will be possible from aM values to estimate K¢ i (the conditional stability constant) if strong simplifications are adopted so that aM @ K¢ i·cL, where cL is the total ligand concentration. Actually these simplifications are the same adopted in electrochemical studies and indeed we used this simplification in the past 2,7,13 but in the present investigation we prefer this simplest approach (the estimate of the strength of complexation) so that comparison among different metals are easier.
In the case of Cu(II), the competition strengths of the two sorbents differ so much (see columns 25 and 28) that the ligand sites which compete with Chelex 100 are not the same as those involved in the complexes dissociated by Amberlite CG 50. The first ones are about half the concentration of total copper in the river water samples and they became almost 3/4 decreasing the total amount of metal when seawater samples are considered, more or less exhibiting the same complexation strengths and with a 12.2 < log aM < 10.6. The weak copper detected with Chelex 100 is the only fraction that it is possible to determine with Amberlite CG 50 (because of its low detection strength). Moreover, it was found that this fraction was always quantitatively sorbed on Amberlite CG 50 and it consists of complexes with rather weak sites or ligands or of free copper itself, since log aM < 2.
Less information about speciation were achieved for the other The data reported in column 1 to 7 are the parameters, while the results of RTs are reported for each metal in the following co lumns. The values of log aM and of the competition strengths (DW = log(K*w/V) are in italics indicating that those columns were not considered further in the PCA.
metals. For Al(III) it was not possible to determine in the RTs with Amberlite CG 50, while from the Chelex 100 titrations there was almost always a competition. This means that the complexes responsible for Al(III) complexation are within the window of the competition strengths, in any case higher than the aM of the hydrolysis product (at pH 7.5, log ahydr = 7.0 in seawater and log ahydr = 8.4 in river water). For Pb(II) almost overlapping information can be achieved with the two RTs.
The case of U(IV) is rather different since Amberlite CG 50 is so strong as to always dissociate completely the complexes at any w (log aM < 15.5). On the other hand Chelex 100 competes with the ligands giving information about their binding strength (14.2 < log aM < 12.5). In any case Chelex 100 titration allows one to determine the total metal concentration as already commented. It should be noticed that in conditions like those of sample of stn 5, considering hydrolysis products and the contributions of major inorganic ligands (in particular cCO 3 around 2 mM), an estimate of log ahydr = 9.58 was computed in any case several orders of magnitude lower.
Chemiometric analysis
A detailed chemiometric investigation using PCA is undertaken, in order to summarize in a synthetic way the state of the system and to describe the evolution of metals distribution from the Po mouth to the open sea.
The data set of Table 1 constitutes the matrix of data, where the columns of the detection strengths were omitted, being a property of the resin in that system.
The total metal concentrations directly measured were also not considered since their correlation with the total concentrations obtained from RTs was already discussed and considered. Moreover the loadings plot was easily readable without another variable overlapping ctot,Che.
The values of cumulative variances of the first components are reported in Table 3 . Figure 4 shows the scores (a) and the loadings (b) on the plane of the first two eigenvectors (explained variance 74%) considered as principal ones.
The first component (explained variance 53%) expresses the effect of the waters moving from the river (the objects are displaced on the right part of the scores plot) towards the open sea (objects on the left part of scores plot). Indeed the PC1 is dominated by salinity (-0.285), in contrast with turbidity (0.2889) and temperature (0.2579) as seen in Fig. 4b , where the loadings plot of the two first components is reported. Remarkably, all metals and all fractional concentrations decrease with salinity, according to the typical behaviors of heavy metals, in contrast with that of U(VI). It is well known to increase its concentration with salinity. This also happens for its strongest fractions.
The total concentration detected from RTs with the two resins almost overlap as expected, for different reasons, for U(IV) and Pb(II).
In the second component, the association of the weakest fractions of all metals with the oxygen and chlorophyll a contents is remarkable (Fig. 4b) . Indeed in PCA2, O2 and chlorophyll a have the same positive sign, and within a metal distribution the most positive sign (for Cu and Pb), or at least less negative (for Al), is that of the weakest fractions. Oxygen and chlorophyll a both increase along the transect, having their maximum values in the samples 3 and 4, while they decrease again towards the open sea (Fig. 4a) . Once more, the estuary shows a high dynamic chemistry where most of the metals, mainly the weakest fractions, react with the organic matter and transfer to sediments. Indeed, moving from the mouth to the sea, the total concentrations decrease, as expected, and in any case the distribution of species is dominated by the strong fraction, while the weak species are those involved in transferring the metal ions to sediments when river waters mix with the salt waters.
The U(VI) data are consistent with those reported in the literature, 21 reaching in the open sea typical values of around 15 nM (this could be seen from Figs. 4a and 4b: in PCA1 the coefficients of U have always the same sign of the salinity. It means that increasing the salinity, the U concentrations increase), but even in this case the mobile fraction (Uw Che) is correlated with the estuary waters, indicating that probably the complexation of UO2 2+ changes from the river water to the sea. The pH also increases with salinity as expected and this seems in some way associated with chlorophyll a and O2 values; additionally the association of O2 content with the parameter Eh is likely. 22 
Conclusions
The RT method was used to determine the distribution of the species in a strongly dynamic system, the Po estuary. Two resins were tested, in principle with different sorbing properties. The data set, together with the physicochemical parameters, are summarized by PCA. The model proposed through PCA is indeed based only on a few samples, more samples would be necessary to increase the consistency of the system, nevertheless the exercise once more points out that the powerful tool may be used to follow the evolution of a metal ion in very dynamic conditions and, on the other hand, the RTs results confirm that these resins can contribute, as useful sensors, to understand the complexation of the metals.
The drawbacks of RTs are the need to evaluate K* and the time required for equilibration. The behavior of these two resins was deeply investigated and it was possible to calculate K* for any solution, for several other metal ions, considering the pH the ionic strength and the presence of high concentration of alkaline earth metals, as in the case of seawater samples. The calculations through which K* is computed were omitted here, but they are reported in several papers or they could be requested from the authors. The equilibration time is not different from that recently adopted in other competitive methods where Table 1 . (a) The scores plot on the two first components, (b) the loadings plot on the two first components. Legend: ctot,res, total concentration obtained by RT; cw,res, concentration of the free or weakly complexed metal. The subscript "res" refers to the resin; Chelex 100, "Che"; Amberlite CG50, "Amb".
ligands are added to the solution. 23, 24 On the other hand, the advantages consist in the determination of several metal ions, in principle all metal ions that interact with the resins; the possibility of determining the total metal concentrations and the in situ determinations. In particular, concerning this last aspect, we will focus on miniaturizing the RT so that smaller volume and amounts of resins will be needed. Membranes with properties equal to that of Chelex 100 were already tested: their usage makes more easy the manipulation of the samples. For in situ measurements, efforts are also devoted to consider the original temperature of the sample and to perform the equilibration at the same temperature. This effect was not dramatic for the samples considered here but it could be of interest when natural water sampled in extreme conditions is considered.
